Introduction {#s0001}
============

In multicellular organisms, cellular differentiation from a multipotent progenitor involves genetic programs that lead to increasing specialization, with formation of organs and tissues. Losing specialization through somatic cell reprogramming requires turning off the genetic program for specialization, activating the genetic program of the more pluripotent progenitor cell, and converting the cell components (cytoskeleton, organelles, plasma membrane receptors, etc.) from a differentiated to a more potent state. Much effort has been made to unlock the genetics of cellular reprogramming that underlies dedifferentiation. However, the mechanisms that govern disassembly or removal of the cytoplasmic apparatus during cellular reprogramming have received less attention.

Autophagy ("self-eating") is a normal cellular process that degrades unnecessary or dysfunctional components. During macroautophagy (hereafter autophagy), intracellular components, such as long-lived proteins and damaged or superfluous organelles, are engulfed within double-membrane compartments termed phagophores that mature into autophagosomes; the latter fuse with lysosomes, generating autolysosomes, resulting in degradation of the autophagosomal cargo.[@cit0001] Defects in autophagy cause embryonic lethality[@cit0002] and are associated with a range of pathophysiologies including degenerative diseases[@cit0003] and cancer.[@cit0004]

Zebrafish is a powerful model for vertebrate embryogenesis and regenerative medicine due to its innate high capacity to regenerate adult tissues. These tissues include retina,[@cit0005] muscle,[@cit0006] heart[@cit0008] and fin.[@cit0010] Zebrafish regenerates adult damaged tissues through either formation of a blastema or, alternatively, through cellular reprogramming of differentiated cells from the damaged tissue.[@cit0007] The ability of zebrafish to reprogram differentiated cells into multipotent progenitor cells may be a particularly important regenerative pathway. Research on regeneration through cellular reprogramming and dedifferentiation, a mechanism that does not rely on stem cells, has mainly focused on the genetic mechanisms that underlie the reprogramming process. This leaves unanswered a biological dilemma: muscles are a highly specialized tissue composed mostly of sarcomeres, the contractile protein machinery; therefore, muscle reprogramming would require active disassembly of the sarcomeres, a process likely requiring substantial degradation.

We hypothesized that autophagy plays a key role in cell reprogramming during muscle regeneration by participating in sarcomere disassembly. To test our hypothesis, we took advantage of our recently described adult zebrafish extraocular muscle (EOM) regeneration model.[@cit0007] We discovered that after a large injury (50% myectomy), myocytes activated autophagy to disassemble the sarcomeres, facilitating nuclear reprogramming and cellular proliferation. In this model, autophagy was mainly regulated at the protein level and Fgf (fibroblast growth factor) played a role in this regulation. We conclude that cellular dedifferentiation involves both nuclear and cytoplasmic reprogramming, giving autophagy a key role in the process.

Results {#s0002}
=======

Autophagy is upregulated during zebrafish EOM regeneration {#s0002-0001}
----------------------------------------------------------

As previously determined, reprogramming occurs within 18 h postinjury (hpi).[@cit0007] Therefore, our studies focused on this time period. To determine whether zebrafish EOMs activate autophagy following a large myectomy (50% of the muscle), several approaches were followed. First, wild-type fish underwent lateral rectus myectomy, and were stained with LysoTracker Red and processed for cryosectioning 16 hpi. LysoTracker Red is a vital dye that nonspecifically accumulates in acidic compartments such as autolysosomes. LysoTracker Red staining in the injured muscle was evident at lower ([Fig. 1A, B](#f0001){ref-type="fig"}) and high ([Fig. 1C, D](#f0001){ref-type="fig"}) magnification, suggesting autophagy activation. Map1lc3a/b (microtubule-associated protein 1 light chain 3 α/β; Lc3 hereafter) is a protein that is ubiquitously distributed in the cytoplasm. During the induction of autophagy the soluble form (Lc3-I) is conjugated to a form (Lc3-II) that localizes to, and accumulates within, the autophagosome membrane.[@cit0015] Transgenic fish expressing GFP-tagged Lc3 (GFP-Lc3)[@cit0016] underwent LR myectomy. Next, they were stained with LysoTracker Red and visualized by whole-mount craniectomy ([Fig. 1E to I](#f0001){ref-type="fig"} ). Both LysoTracker Red ([Fig. 1J](#f0001){ref-type="fig"}) and GFP-Lc3 ([Fig. 1K, M](#f0001){ref-type="fig"}) clearly accumulated in the injured muscle ([Fig. 1L](#f0001){ref-type="fig"}), suggesting an increase in autophagy. Last, autophagy activation was tested by Lc3 western blot hybridization. As expected, Lc3-II accumulated in the injured muscle ([Fig. 1N](#f0001){ref-type="fig"}) supporting the conclusion that there was activation of autophagy. Figure 1.Autophagy in the regenerating EOMs. (A to L) LysoTracker Red was used to label autophagy in the regenerating LR (left side), after staining fish heads were processed for cryosectioning ((A to D). (A, B) Sections containing the regenerating LR were imaged at lower magnification. (C, D) Higher-resolution detail of the boxes in (A)and (B), respectively. ((E)to L) Craniectomy was also used to visualize LysoTracker Red labeling in situ. At 16 hpi, zebrafish heads were mounted in agarose (E), and the top of the skulls was removed (F). Brain was extracted to expose the skull base (\*) where the pituitary is located and both LR muscles attach to the bone (G). Then the lateral bones of the skull were removed to allow complete visualization of the LR muscles (H). (I) Fluorescent visualization of H. LysoTracker Red (J) and GFP-Lc3 (K) clearly accumulate and colocalize (L) in the regenerating LR. (M) Fluorescence intensity of GFP signal was therefore higher in the injured muscle; in fact, the ratio of the intensities of injured *vs* control was higher than 1 in every fish, meaning a net increase of GFP-Lc3 content of the injured muscle (Student *t* test, \*\*, *P* \< 0.01, n = 5). (N) Western blot of Lc3 showed an increase of Lc3-II in the injured muscle, indicating again autophagy activation (Mann-Whitney test, \*, *P* \< 0.05, n = 4). Protein loading was assayed with an anti-Tubg1/tubulin antibody. +, positive control (rat protein); U, uninjured; I, injured. (O to Q) Electron microscopy showed that double-membrane organelles were easily detected in the injured muscle (P, scale bar: 500 nm; Q, scale bar: 100 nm) while virtually undetectable in the control muscle (O, scale bar: 500 nm). Check [Figure 3O](#f0003){ref-type="fig"} for a diagram of a craniectomyzed zebrafish head. Figure 2.Analysis of expression of genes involved in autophagy. Gene expression in uninjured (U) and injured (I) LR muscles was assessed using qRT-PCR. Among the studied genes only *atg5* was differentially expressed in the injured muscles, at levels 4-fold higher than control muscles (\*, *P* \< 0.05, n = 5). Gene mRNA levels (arbitrary units \[AU\]) were normalized to *18*s rRNA using the ΔΔ C(t) method. Figure 3.Autophagy is required for EOM regeneration. (A) Western blot of fish treated with increasing CQ concentrations showed a dose-dependent increase of Sqstm1 in the injured muscle and Lc3-II in both injured and uninjured muscles (see Figure S1), indicating real autophagy flux. Protein loading was assayed with an anti-Tubg1 antibody. U, uninjured; I, injured. (B o G) The lack of LysoTracker Red staining in injured LR muscles of transgenic *actc1b/*α-*actin:EGFP* zebrafish (to visualize the muscles) using our craniectomy technique confirmed that CQ effectively blocked autophagy. (H to J) Craniectomy of an untreated (H) and CQ-treated fish (I) at 3 dpi; note the difference in length of the injured muscle between both groups (pictures are representative examples of 5 fish per group). (J) Quantification of LR muscle regeneration of fish shown in H and I; values are averages ± SD (Student *t* test, \*, *P* \< 0.05, n = 5). (K) Quantification of LR muscle regeneration at 5 dpi treated with different CQ concentrations; values are averages ± SD (One-way ANOVA, *P* \< 0.0001, n=5; \*\*, *P* \< 0.01; \*\*\*, *P* \< 0.001; Newman-Keuls multiple comparisons test). (L) Regeneration of LR muscles injected with control or *atg5* translation-blocking (TB) MO was measured at 5 dpi; values are averages ± SD (Student *t* test, \*, *P* \< 0.05, n = 5). (M) Regeneration of LR muscles injected with control or *becn1* MOs (translation-blocking, TB; splicing-blocking, SB; combination of both, TB+SB) was measured at 5 dpi; values are averages ± SD (Student *t* test; \*, *P* \< 0.05; \*\*, *P* \< 0.01, n = 5). (J to M) Since myectomy left approximately 50% of the muscle remaining, the measurements are shown for the entire regenerating muscle with a gray box indicating the approximate location of the myectomy site. (N) Fluorescence intensity of LR muscles of GFP-Lc3 fish injected with control, *atg5* TB or *becn1* TB+SB MOs was measured at 18 hpi; values are averages ± SD (Student *t* test; \*, *P* \< 0.05, n = 8). (O) Diagram of a craniectomized zebrafish head; muscles visualized by this technique are shown, and LR muscles are highlighted in green. Green and red boxes show approximately the picture used for regeneration or LysoTracker Red (or GFP-Lc3) assessment, respectively. \* Skull base where the pituitary is located.

The data presented so far support the hypothesis that autophagy is activated in the regenerating muscle within the critical 16 hpi window. However, Lc3-II accumulation and LysoTracker Red staining are also found in other biological processes. Therefore, we next analyzed the injured muscle at 16 hpi, when LysoTracker Red ([Fig. 1J](#f0001){ref-type="fig"}) and GFP-Lc3 ([Fig. 1K, M](#f0001){ref-type="fig"}) were detected, by transmission electron microscopy (TEM) to determine the presence or absence of autophagosomes (double-membrane organelles unique to autophagy). TEM revealed that the injured muscle was replete with autophagosomes ([Fig. 1P, Q](#f0001){ref-type="fig"}), whereas uninjured control muscles were generally devoid of autophagosomes ([Fig. 1O](#f0001){ref-type="fig"}), confirming that autophagy is activated during myocyte reprogramming in the injured LR muscle.

Next, expression of genes involved in the autophagy process was measured by qRT-PCR at 14 hpi ([Fig. 2](#f0002){ref-type="fig"}). Among the analyzed genes, *atg5/autophagy-related 5* was upregulated in the injured muscle, while the other tested genes were not. We interpret these collective data to indicate that activation of autophagy in our model is primarily regulated at the protein level.

Autophagy is required for EOMs regeneration {#s0002-0002}
-------------------------------------------

Activation of autophagy does not necessarily imply a key role for this process in EOM regeneration. Therefore, we decided to block autophagy and evaluate regeneration. First, we confirmed that CQ treatment was effective blocking autophagy by Sqstm1/Sequestosome 1-Lc3 western blot ([Fig. 3A](#f0003){ref-type="fig"}, S1) and by LysoTracker Red staining and our craniectomy approach to visualize the injured muscle ([Fig. 3B to G](#f0003){ref-type="fig"}). Next, we took advantage of the craniectomy technique to measure LR regeneration as previously described.[@cit0007] We found a significant decrease of LR regeneration in fish treated with 1 mM CQ compared with untreated control fish at 3 d ([Fig. 3H to J](#f0003){ref-type="fig"}). To confirm this phenotype, we treated fish with different CQ doses (0, 0.5, 1 and 2 mM CQ) and extended the length of the regenerating period to 5 d. The length of the muscle beyond the myectomy site reflects the length of newly regenerated muscle. Since myectomy left approximately 50% of the muscle remaining, the measurements are shown for the entire muscle with a gray box indicating the approximate location of the myectomy site (gray area in [Fig. 3J to M](#f0003){ref-type="fig"}). Our measurements reveal that muscle regeneration in control fish was significantly higher than in the CQ treated groups ([Fig. 3K](#f0003){ref-type="fig"}).

To further test the role of autophagy in EOM regeneration, Atg5 expression was knocked down using previously described translation-blocking antisense MOs,[@cit0017] which were delivered via microinjection followed by electroporation prior to myectomy. LR regeneration at 5 dpi was measured as before, showing that knockdown of Atg5 effectively reduced LR regeneration ([Fig. 3L](#f0003){ref-type="fig"}). To confirm these results, *becn1/beclin 1* translation-blocking and splicing-blocking antisense MOs were designed. Knockdown of *becn1* expression effectively reduced LR regeneration ([Fig. 3M](#f0003){ref-type="fig"}). The efficacy of *atg5* and *becn1* MOs inhibiting autophagy was confirmed by injecting them into LR muscles of GFP-Lc3 fish and measuring the GFP fluorescence intensity of the injured muscle ([Fig. 3N](#f0003){ref-type="fig"}). Hence, knockdown of either Atg5 or Becn1 expression further confirmed the key role of autophagy in LR regeneration.

Autophagy is not required for nutrient or energy recycling in regenerating muscle {#s0002-0003}
---------------------------------------------------------------------------------

We next turned our attention to the potential role of autophagy in regeneration. One of the biological functions of autophagy is to recycle cellular contents into nutrients and energy during periods of stress and starvation. To test this idea, fish were fasted (20% weight loss) to decrease the circulating levels of nutrient supplies. At this point, fed and fasted fish underwent LR myectomy and were treated with (1 mM CQ) or without CQ, to generate 4 different comparison groups. Fish were injected with EdU at 20 hpi and sacrificed at 24 hpi to analyze cell proliferation ([Fig. 4A to H](#f0004){ref-type="fig"}). Both fasting treatment ("fed 0 mM" *versus* "fasted 0 mM;" [Fig. 4I](#f0004){ref-type="fig"}) and CQ treatment ("fed 0 mM" *vs.* "fed 1 mM;" [Fig. 4I](#f0004){ref-type="fig"}) reduced cell proliferation. Cell proliferation in fasted fish was further reduced by CQ treatment ("fasted 0 mM" *versus* "fasted 1 mM;" [Fig. 4I](#f0004){ref-type="fig"}), and the effect was similar to the effect of CQ in fed fish ([Fig. 4J](#f0004){ref-type="fig"}). The interaction between feeding condition and CQ treatment was further analyzed by 2-way ANOVA, showing that although both fasting (*P*=0.0176) and CQ treatment (*P*=0.0018) have a statistically significant effect, the interaction between them was not statistically significant (*P*=0.2909). We interpret our results to mean that there is no synergy between CQ inhibition and nutrient deprivation in regulating EOM regeneration, and therefore the main role of autophagy in EOM regeneration is not to provide energy or recycle nutrients. Figure 4.Autophagy as an energy-providing and recycling process. (A to H) Fed and fasted fish were myectomized and treated with or without CQ. Proliferation was visualized at 24 hpi staining for EdU; the inset shows the differential interference contrast image. (I) Quantification of proliferation showed that both fasting and CQ treatment reduced proliferation in the regenerating LR muscle; values are averages ± SEM (Student *t* test, \*, *P* \< 0.05; \*\*, *P* \< 0.01; n = 4). (**J**) To better illustrate the interaction of feeding condition and CQ treatment, proliferation values were normalized to the 0 mM CQ value of each group showing that CQ treatment reduced proliferation similarly in both fed and fasted fish. Values are averages ± SEM (Student *t* test; \*, *P* \< 0.05, n = 4).

Autophagy is required for the proper cytoplasmic organization of the regenerated EOMs {#s0002-0004}
-------------------------------------------------------------------------------------

Histological assessment using light microscopy at 5 dpi of regenerating LR muscles of fish treated with CQ did not show drastic changes at the microscopic level when compared to regenerating muscles of untreated fish (data not shown). However, they were clearly different when their ultrastructure was investigated by TEM. Five days after injury, the muscle of control fish was composed of the typical sarcomeric structure ([Fig. 5A to C](#f0005){ref-type="fig"}) and multiple vesicular structures that could be autophagosomes and/or lipid droplets ([Fig. 5A and B](#f0005){ref-type="fig"}). In contrast, the regenerating muscle of CQ-treated fish showed a clear accumulation of unresolved autophagosomes ([Fig. 5D to G](#f0005){ref-type="fig"}) and failed to properly organize the sarcomeres ([Fig. 5H and I](#f0005){ref-type="fig"}). Importantly, sarcomeric remnants appeared to be present within accumulated autophagosomes. Figure 5.Blocking autophagy affects cytoplasmic organization of the regenerating muscle. Fish were myectomized and treated with or without CQ, 5 d later the regenerating muscle was extracted and imaged by electron microscopy. (A) Electron micrography of regenerating muscles without CQ treatment, scale bar: 2 μm. (B, C) High-magnification images of the boxes in (A)and (B)showing the typical sarcomeric structure; scale bars represent 1 μm and 200 nm, respectively. (D) Overview of the regenerating muscle of treated fish, note the high amount of unresolved autophagosomes, scale bar: 2 μm. (E) View of the box in (D)showing an example of unresolved autophagosomes, scale bar: 1 μm. (F, G) High-magnification views of the boxes in (E)revealed that the autophagosomes were filled with undigested cellular debris; scale bars represent 600 nm and 200 nm, respectively. (H, I) In addition to the unresolved autophagosomes, the analysis of the CQ-treated fish revealed that the regenerating muscle contained a high proportion of disorganized sarcomeres (compare to C); scale bars: 200 nm. This was not found in the injured muscles of untreated fish.

Autophagy inhibition does not induce apoptosis in regenerating muscle {#s0002-0005}
---------------------------------------------------------------------

Since inhibition of autophagy triggers apoptosis in some models,[@cit0019] we tested the possibility that blocking autophagy reduced LR regeneration via apoptosis of dedifferentiating muscle fibers. First, levels of active Casp3 were analyzed by western blot in fish treated with CQ and compared to those of untreated fish. Surprisingly, we found higher levels of active Casp3 in the injured muscle of untreated fish than in the uninjured muscle. Treatment with CQ clearly reduced the levels of active Casp3 in the injured muscle while mildly increasing its levels in the uninjured muscle ([Figs. 6A](#f0006){ref-type="fig"}, S1). Next, we analyzed cell death in the regenerating muscle by TUNEL assay. The injured muscle of untreated fish did not show TUNEL staining ([Fig. 6B, C](#f0006){ref-type="fig"}). By contrast, the injured muscle of CQ treated fish showed high levels of TUNEL staining ([Fig. 6D, E](#f0006){ref-type="fig"}). Interestingly, high-magnification images reveal clear cytoplasmic TUNEL staining ([Fig. 6F](#f0006){ref-type="fig"}) instead of nuclear staining that represents apoptosis. Cytoplasmic TUNEL staining most likely represents labeled DNA fragments in unresolved autophagosomes that accumulate in the CQ treated fish, likely remnants of degraded nuclei from syncytial multinucleated myocytes as they reprogram into myoblasts ([Fig. 5F, G](#f0005){ref-type="fig"}). In conclusion, we find no evidence of apoptosis in the regenerating muscle of either CQ-treated or untreated fish. Figure 6.Apoptosis is not activated in response to autophagy inhibition. (A) Western blot of fish treated with increasing CQ concentrations showed a dose-dependent decrease of active Caspase 3 (Casp3) in the injured muscle (see Figure S1), suggesting a role of Casp3 in muscle regeneration. Protein loading was assayed with an anti-Tubg1/tubulin antibody. U, uninjured; I, injured. (B to F) Fish were treated with or without CQ. Apoptosis was visualized by TUNEL staining; the inset shows the differential interference contrast image (pictures are representative examples of 5 fish per group). (F) High-magnification view of the box in (D) and (E)shows cytoplasmic localization of TUNEL signal in fish treated with CQ.

Fgf promotes autophagy activation in EOMs regeneration {#s0002-0006}
------------------------------------------------------

As a first step to understand the regulation of autophagy in muscle regeneration, we tested whether Fgf signaling plays a role in autophagy activation during EOM regeneration, as has been described in tail fin regeneration.[@cit0018] Fgf signaling was blocked using the *hsp70l:dnfgfr1a-EGFP* fish line, which expresses a dominant-negative (dn) Fgf receptor following heat shock treatment, and autophagy was visualized using LysoTracker Red and whole-mount craniectomy ([Fig. 7A, B](#f0007){ref-type="fig"}). Ectopic expression of dnFgfr1a-EGFP significantly reduced LysoTracker Red fluorescence in the regenerating muscle ([Fig. 7C](#f0007){ref-type="fig"}), indicating a decrease in autophagy activation. To further confirm this result, LR muscles of *actc1b/*α*-actin:EGFP* and *hsp70l:dnfgfr1a-EGFP* fish were assessed by western blot ([Fig. 7D](#f0007){ref-type="fig"}) showing higher levels of Sqstm1 and lower levels of Lc3-II when the dnFgfr1a-EGFP protein was ectopically expressed ([Fig. 7E](#f0007){ref-type="fig"}). Therefore we conclude that Fgf signaling is necessary for the full activation of autophagy during EOM regeneration. Figure 7.Autophagy is regulated by Fgf during EOM regeneration. (A, B) Craniectomy was again used to visualize LysoTracker Red-labeling in (A) wild-type (WT) fish, and (B) *hsp70l:dnfgfr1a-EGFP*; the inset shows an image of the GFP channel to confirm transgene expression and, consequently, Fgfr inhibition (pictures shown are representative examples of the 12 fish per group quantified). (C) Quantification of LysoTracker Red fluorescence intensity shows a clear decrease of LysoTracker Red labeling in *hsp70l:dnfgfr1a-EGFP* fish, indicating a lower autophagic flux. Values are averages ± SD (Student *t* test; \*\*\*, *P* \< 0.001, n = 12). (D) Western blot of Sqstm1 and Lc3. The injured muscle of *hsp70l:dnfgfr1a-EGFP* fish showed higher levels of Sqstm1 and lower levels of Lc3-II (E), indicating again a lower autophagic flux. Protein loading was assayed with an anti-Tubg1/tubulin antibody. (D, E) Show a representative example of 3 independent experiments. U, uninjured; I, injured. \* Skull base, where the pituitary is located.

Discussion {#s0002-0007}
----------

Cellular dedifferentiation is a highly regulated process that resets differentiated cells to a more potent progenitor state, requiring nuclear reprogramming that includes changes in chromatin and gene expression. At the same time, differentiated cells contain specialized cytoplasmic machinery that must be disassembled to truly reprogram the cell.[@cit0021] The importance of cellular reprogramming in many biological processes cannot be overemphasized, with examples that include the zygote-to-embryo transition,[@cit0022] tissue regeneration[@cit0023] and oncogenesis.[@cit0024] While the genetic regulation of cellular dedifferentiation has been heavily studied and somatic cells can now be reprogrammed into induced pluripotent stem cells overexpressing a defined set of transcription factors,[@cit0025] the cytoplasmic events are still poorly understood, although their importance is already clear in the classical Xenopus nuclear transfer experiments.[@cit0022]

In order to obtain a better mechanistic understanding of cellular reprogramming and dedifferentiation, we investigated cytoplasmic reorganization by asking how sarcomeres are disassembled using our robust zebrafish model of adult muscle regeneration because we observed that dedifferentiated myocytes lost their sarcomeric machinery to form proliferating myoblasts during the dedifferentiation process.[@cit0007] Using a multidisciplinary approach, we discovered that autophagy is induced rapidly and early in the regeneration process. Consistent with a role in sarcomere disassembly, autophagy was not involved in nutrient recycling. Furthermore, we show that inhibition of autophagy resulted in DNA accumulation in unresolved autophagosomes in the regenerating muscle and reduced proliferation of dedifferentiating myocytes, suggesting that cytoplasmic remodeling and degradation of excess nuclei are important for reprogramming syncytial multinucleated myocyte into myoblasts and for cell-cycle reentry of dedifferentiated cells. Finally, we show that inhibition of Fgf signaling was associated with reduced autophagy, providing a mechanistic framework for cytoplasmic remodeling through induction of autophagy.

Autophagy has mostly been considered a waste management and recycling process that is important during embryogenesis,[@cit0002] degenerative conditions[@cit0003] and cancer.[@cit0004] Interestingly, recent studies have shown the role of autophagy in stem cell biology[@cit0026] and cell reprogramming.[@cit0021] And it has been shown that the proteome changes drastically during cellular reprogramming.[@cit0027] In agreement with this, our data support the hypothesis that autophagy is critical in the regulation of cellular reprogramming, and would act in concert with genetic and epigenetic mechanisms to prepare and remodel the cell.

Eukaryotic cells have 2 primary systems for degrading cellular components: the proteasome is responsible for degrading short-lived proteins marked by covalent modifications, whereas autophagy functions on a larger scale, degrading long-lived proteins, large protein complexes, and entire organelles[@cit0028] (including the nucleus[@cit0029]). Therefore, when considering the dramatic reprogramming that was observed in regenerating zebrafish EOMs, we hypothesized that autophagy would be activated to degrade the sarcomeric protein machinery and some of the nuclei of the syncytial multinucleated myocyte, to facilitate its dedifferentiation. Accordingly, TEM of regenerating zebrafish muscle revealed disorganized sarcomeres, as well as clear accumulation of unresolved DNA containing autophagosomes when autophagy was blocked. A similar phenotype of vacuolar accumulation has been reported in myopathies with autophagy defects.[@cit0031] Our results indicate that autophagy is rapidly activated, presumably in concert with genetic and epigenetic mechanisms, to eliminate unnecessary cytoplasmic elements and prepare the cell to assume a new identity.

Caspase enzymes (aspartate-specific, cysteine proteases) function as key mediators of apoptosis.[@cit0032] However, regenerating muscles activated Casp3 ([Fig. 6](#f0006){ref-type="fig"}) with no detectable levels of apoptosis ([Figs. 6](#f0006){ref-type="fig"}, S2). Therefore, Casp3 appears to play a different role in myocyte reprogramming during muscle regeneration, which may be related to its roles in myocyte homeostasis (reviewed by Bell et al.[@cit0033]). Hundreds of caspase targets have been reported[@cit0034] including several key cell cycle regulators[@cit0035] and cytoskeletal components;[@cit0038] and because caspase proteolytic activity involves irreversible or long-lasting signal transduction,[@cit0039] caspases are ideal candidates as regulators of cellular processes such as cell reprogramming. That might explain why active Casp3 levels decreased when myocyte cell reprogramming was impaired with CQ.

Fgf signaling is important for regeneration in both zebrafish and mammalian models,[@cit0040] as well as in the biology of cancer stem cells,[@cit0042] yet its functions in cellular reprogramming are not fully understood. Our data reveal that Fgf signaling promotes autophagy activation to remodel the cellular architecture during EOM regeneration since (1) blocking Fgf signaling reduced autophagy, and (2) blocking autophagy reduced proliferation of dedifferentiated myoblasts and also reduced the efficiency of muscle regeneration to a similar extent as seen with blocking Fgf signaling.[@cit0043] The role of Fgf signaling, presumably through the Mapk-Erk pathway,[@cit0044] suggests potential targets in the regulation of muscle disorders and repair. A recent report on the activation of autophagy by Fgf and its signaling pathway during zebrafish caudal fin regeneration[@cit0018] supports our hypothesis.

In summary, we show that cytoplasmic remodeling through activation of autophagy plays a key role in zebrafish muscle regeneration. Further studies of the mechanisms underlying cytoplasmic remodeling in cells undergoing reprogramming stand to enhance our understanding of degenerative disease processes as well as facilitate development of novels therapies to promote tissue repair and block pathological cell reprogramming in cancer.

Materials and methods {#s0003}
=====================

Zebrafish (Danio rerio) rearing and surgeries {#s0003-0001}
---------------------------------------------

All animal work was performed in compliance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research, and approved by the University of Michigan Committee on the Use and Care of Animals, protocol 06034. Sexually mature adult (4- to 18-mo old) zebrafish were spawned in our fish facility and raised per standard protocol at 28°C with a 14-h light/10-h dark alternating cycle.

Adult zebrafish were anesthetized (0.05% tricaine methanosulfate, Western Chemical, Tricaine-S) and approximately 50% of the lateral rectus (LR) muscle was surgically removed.[@cit0007] The remaining amount of muscle left after surgery (48.42 ± 4.9%, average ± SD) is represented in [Figure 3J to M](#f0003){ref-type="fig"} as a gray area and was quantified by craniectomy as described previously.[@cit0007]

Specimen processing {#s0003-0002}
-------------------

Zebrafish were fixed in 4% paraformaldehyde (Sigma-Aldrich, 441244) and evaluated microscopically using coronal frozen sections (12 μm). Decalcification was performed using either Morse solution (45% Formic Acid, ACROS, 42375--0025; 20% Sodium Citrate, R&D Systems 3161500G) or 10% ethylenediamine-tetraacetic acid (EDTA, Fisher, BP118) in phosphate-buffered saline (pH 7.2 to 7.4; Fisher BioReagents, BP665).

Staining and biochemical analysis {#s0003-0003}
---------------------------------

Adult zebrafish were incubated in LysoTracker Red DND-99 (Thermo Fisher Scientific, L-7528) for one h and then washed in fresh fish water (3 × 20 min). Then fish were processed for cryosectioning (250 μM LysoTracker Red) or craniectomy (500 nM LysoTracker Red, [Figure 1E to I](#f0001){ref-type="fig"}) as described. LysoTracker Red staining was quantified measuring the fluorescence intensity of the area corresponding to the regenerating muscle in pictures taken from craniectomized fish with ImageJ software (<http://rsbweb.nih.gov/ij/>). Pictures were taken at the same time and with the same microscope settings to minimize experimental error.

Western blots were performed following standard protocols. Injured or uninjured LR from 10 to 15 fish were pooled and homogenized in lysis buffer containing protease (Roche Diagnostics Corporation, cOmplete) and phosphatase (Roche Diagnostics Corporation, PhosSTOP) inhibitors. The transgenic *actc1b/*α*-actin:GFP* fish[@cit0047] were used to visualize the muscles. Anti-Tubg1/-tubulin (tubulin, gamma 1) antibody (1:10,000, T5326) was obtained from Sigma-Aldrich, anti-Map1lc3a/b (1:3,000, NB100--2331) was purchased from Novus Biologicals, anti-active Casp3/caspase 3 antibody (1:500, ab13847) was purchased from abcam and anti-Sqstm1/p62 (sequestosome 1) antibody (1:1000, 5114) was purchased from Cell Signaling Technology. Quantification of the bands was done with ImageJ software.

Electron microscopy {#s0003-0004}
-------------------

Thin sections (70 nm) were prepared and examined on a transmission electron microscope (JEOL JEM-1400 Plus, Peabody, MA, USA) at 80 kV as described previously.[@cit0007] Briefly, fish were perfused with 4% paraformaldehyde + 1.5% glutaraldehyde (Sigma-Aldrich, 49626) in 0.1 M cacodylate buffer (pH 7.4; Hampton Research, HR2575), fixed overnight in 2.5% glutaraldehyde in 0.1 M cacodylate buffer and decalcified in 2.5% glutaraldehyde in 7.5% disodium EDTA for 2 d. Then, the LR muscles were dissected and further fixed for 2 h in 1% OsO~4~ in 0.1 M sodium cacodylate buffer.

RNA extraction and qRT-PCR {#s0003-0005}
--------------------------

RNA for qRT-PCR analysis was prepared from frozen tissue sections using Laser Microdissection (LMD7000, Leica Microsystems Inc., Buffalo Grove, IL) and the Reliaprep RNA tissue Miniprep System (Promega, Z6110), following the manufacturer\'s protocols and recovered in 15 µl RNase-free H~2~O. Preparation and amplification of cDNA was made with the Ovation Pico WTA System V2 (NuGen, 3302); then it was purified using the QIAquick PCR Purification Kit (QIAGEN, 28104) and eluted in 30 µl nuclease-free H~2~O. Quality of amplified cDNA was assessed with the D1k ScreenTape System on an Agilent 2200 TapeStation (Agilent, Santa Clara, CA).

Gene expression was measured using CFX384 and CFX96 Real-Time PCR detection systems (Bio-Rad Laboratories, Hercules, CA). Diluted cDNA (1ng/reaction), SsoFast EvaGreen supermix (Bio-Rad Laboratories, 1725200) and specific primers (Table S1) were used in 20 µl PCR reactions following the manufacturer\'s suggestions; reactions were performed in triplicate. The efficiency of PCR reactions for target and reference genes varied between 86% and 105%. The dynamic range of standard curves (serial dilutions of 30 h postfertilization whole embryo cDNA) spanned 5 orders of magnitude. The specificity of reaction was verified by analysis of melting curves and by electrophoresis of PCR-amplified products. Gene expression was calculated by the ΔΔ C(t) method[@cit0048] using *18S* ρρνΑ as the reference gene.

Drug treatments {#s0003-0006}
---------------

Chloroquine (CQ, Sigma-Aldrich, C6628), an inhibitor of lysosomal acidification, was dissolved directly in fish water. Up to 8 fish were treated in 1 L of water, and tanks were maintained at 28.5°C with CQ solutions replaced every 24 h. The experimental concentration of CQ was determined in a preliminary experiment using LysoTracker Red to label autolysosomes. Although CQ was very effective blocking autophagy in a wide range of concentrations (0.5 to 2 mM), fish mortality varied among experiments with no clear relationship to fish or CQ batches. Therefore, unless stated otherwise, several CQ concentrations were used in each experiment and the result shown represents the highest CQ concentration group with no significant mortality.

Morpholino oligonucleotide injection and electroporation {#s0003-0007}
--------------------------------------------------------

Microinjection of morpholino oligonucleotides (MOs; Gene-Tools, LLC, Philomath, OR), a widely used technique to perform knockdown experiments in adult zebrafish,[@cit0049] was used. Briefly,s lissamine-tagged MOs were directly microinjected into the LR muscle followed by electroporation (6 to 10 pulses at 48 V cm, BTX ECM830 electroporator; Harvard Apparatus, Holliston, MA). The MO sequence for the *atg5* gene was previously validated in zebrafish embryos[@cit0017] and in adult zebrafish tail regeneration.[@cit0018] The sequences for *becn1* translation-blocking and splicing-blocking MOs were CTAGAAAACCTCAAAGTCTCCATGC and TCATCCTGCAAAACACAAATGGCTT, respectively.

Fish fasting {#s0003-0008}
------------

Wild-type fish (n=56) were initially weighted and measured to select fish with similar body mass and condition factor (data not shown). Twenty of the selected fish were randomly divided in 2 groups (289.5 ± 12.4 *vs* 289.9 ± 10.87 mg) and one group was fasted for 2 wk (20% of body mass loss). At this point, fish were myectomized and treated with CQ as described (Fed-0 mM, Fed-1 mM, Fasted-0 mM, Fasted-1 mM).

EdU incorporation assays {#s0003-0009}
------------------------

Cellular proliferation was assessed by intraperitoneal injections of 5-ethynyl-2′-deoxyuridine (EdU; Invitrogen, 10187).[@cit0052] Fish were injected with EdU(20 µl, 10 mM in phosphate-buffered saline) at 20 h postinjury and sacrificed 4 h later. The injured muscle of 4 fish per experimental group was analyzed. EdU^+^ and total (DAPI) nuclei were counted from 2 to 6 sections per muscle (more than 70 sections were analyzed), representing approximately 1800 total nuclei (range 1007 to 3016) per muscle. Cell proliferation is represented as the percentage of EdU^+^ nuclei in the injured muscle.

Cell death analysis {#s0003-0010}
-------------------

Terminal Transferase dUTP Nick End Labeling (TUNEL) assay was performed on frozen sections using the TUNEL Apo-Green Detection Kit (Biotool, B31112), with some minor modifications. The tissue was permeabilized in 0.5% Triton X-100 PBS. TdT reaction was performed at 37°C for 1 h per manufacturer\'s suggestion. Positive controls were generated by treating tissue sections with DNase I (3000 U/ml in 50 mM TRIS, 10 mM MgCl2, 1 mg/ml BSA buffer) for 10 minutes at room temperature before performing the TdT reaction. Negative controls were performed with no enzyme in the TdT reaction mix (Fig. S2).

Adult heat induction experiments {#s0003-0011}
--------------------------------

Heat shocks were performed to *hsp70l:dnfgfr1a-EGFP* fish[@cit0040] and wild-type fish directly in the housing racks using our customized system.[@cit0053] Before cutting the muscles, fish were exposed to hot water for 5 d gradually increasing the time from 1 h to 3 h 30 min per day. This protocol was developed in a preliminary experiment where fish were heat shocked daily until GFP fluorescence was clearly present in the LR muscle (data not shown) to ensure the effective blockage of Fgf signaling in the regenerating muscle.

Statistics {#s0003-0012}
----------

Data were analyzed by Student *t* test (Mann-Whitney test when data did not met the requirements of parametric statistics) or one-way analysis of variance (ANOVA) followed by the Newman-Keuls multiple comparisons test, and the interaction between feeding condition and CQ treatment was further analyzed by 2-way ANOVA (*P* \< 0.05), using the statistical software Prism 6.03 for Mac OSX (GraphPad Software, Inc.).
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Abbreviations
=============

Atg

:   autophagy related

Becn1

:   Beclin 1, autophagy related

Casp3

:   caspase 3, apoptosis-related cysteine peptidase

CQ

:   chloroquine

dnFgfr1a-EGFP

:   EGFP-tagged dominant-negative fibroblast growth factor receptor 1a

EdU

:   5-ethynyl-2′-deoxyuridine

EOM

:   extraocular muscle

Fgf

:   fibroblast growth factor

GFP

:   green fluorescent protein

hpi

:   hours post injury

Map1lc3a/b

:   microtubule-associated protein 1 light chain 3 α/β

LR

:   lateral rectus

MOs

:   morpholino oligonucleotides

Sqstm1

:   Sequestosome 1

TEM

:   transmission electron microscopy

TUNEL

:   terminal transferase dUTP nick end labeling
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